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We theoretically investigated spectrally uncorrelated biphotons generated in a counter-
propagating spontaneous parametric downconversion (CP-SPDC) from periodically poled
MTiOXO4 (M = K, Rb, Cs; X = P, As) crystals. By numerical calculation, it was found that
the five crystals from the KTP family can be used to generate heralded single photons with high
spectral purity and wide tunability. Under the type-0 phase-matching condition, the purity at 1550
nm was between 0.91 and 0.92, and the purity can be maintained over 0.90 from 1500 nm to 2000
nm wavelength. Under the type-II phase-matching condition, the purity at 1550 nm was 0.96, 0.97,
0.97, 0.98, and 0.98 for PPKTP, PPRTP, PPKTA, PPRTA, and PPCTA, respectively; furthermore,
the purity can be kept over 0.96 for more than 600 nm wavelength range. We also simulated the
Hong–Ou–Mandel interference between independent photon sources for PPRTP crystals at 1550
nm, and interference visibility was 92% (97%) under type-0 (type-II) phase-matching condition.
This study may provide spectrally pure narrowband single-photon sources for quantum memories
and quantum networks at telecom wavelengths.
I. INTRODUCTION
Biphotons generated from counter-propagating spon-
taneous parametric downconversion (CP-SPDC) offer
a very unique photon source for quantum information
processing (QIP). Compared with the conventional co-
propagating SPDC (CO-SPDC) scheme, the CP-SPDC
scheme has several merits. First, the biphotons, i.e., the
signal and the idler, can be easily separated, because
the signal travels with the pump beam in the forward
direction while the idler is propagating in the opposite
direction. Therefore, the CP-SPDC scheme can take ad-
vantage of both maximal effective nonlinear coefficient
and easy separation in type-0 phase-matching conditions
[1]. Second, the bandwidth of the signal photons is very
narrow, usually in the order of GHz, much lower than
the typical THz level in CO-SPDC. Such a narrowband
source is very useful for many QIP applications that re-
quire GHz bandwidth to meet the need for quantum com-
munication [2, 3] and quantum memory [4–8]. Conven-
tionally, the methods of passive filtering [9] and cavity-
enhanced SPDC [10] are used to obtain photon with nar-
row bandwidth. However, these two methods usually re-
duce the brightness and stability, compared with the CP-
SPDC scheme. Third, by carefully designing the group-
velocity matching (GVM) condition for CP-SPDC, the
intrinsic spectral purity of the heralded single photons
can be very high [1, 11, 12]. Such pure single photons
can achieve high-visibility quantum interference without
using any narrow bandpass filters [13].
Many theoretical and experimental works have been
devoted to the study of CP-SPDC. From the theoretical
perspective: In 1966, Harris proposed the first backward-
wave oscillation scheme based on a three-wave-mixing
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processes [14]. In 2002, Booth et al. and Rossi et al. in-
vestigated the generation of biphoton from a CP-SPDC
process in nonlinear media [15, 16]. In 2009, Christ et
al. explored spectrally pure single-photon generation in
a type-I phase-matched CP-SPDC in PPLN and PPKTP
waveguides [1]. In 2011, Gong et al. proposed a scheme
for the generation of counter-propagating polarization-
entangled photons using a single dual-periodically poled
KTP [17]. In 2015, Gatti et. al. analyzed the tem-
poral coherence and correlation of counter-propagating
twin photons in PPKTP and PPLN crystals [18]. In
the same year, Shukhin et al. simulated a fifth-order
quasi-phase-matched CP-SPDC in a PPKTP waveguide
[19]. In 2017, Saravi et. al. proposed the generation
of counter-propagating path-entangled photon pairs in a
single periodic PPLN waveguide [20]. In 2018, Gatti et al.
studied the spectrally pure heralded-single-photon gen-
eration from CP-SPDC in a PPKTP crystal [11]. From
the experimental perspective: The first CP-SPDC exper-
iment was realized in AlGaAs waveguide at 1550 nm by
Lanco et al. in 2006 [21, 22]. However, the semicon-
ductor materials have strong absorption at the telecom
wavelengths, which limits the brightness of the biphoton
source. In 2007, Canalias et al. performed a counter-
propagating optical parametric oscillation (OPO) exper-
iment using a 1-mm-long PPKTP crystal with a poling
period of 0.72 µm [23]. The wavelengths of the pump,
signal and idler were 821, 1139 nm, and 2941 nm, re-
spectively. In 2019, Liu et al. experimentally demon-
strated a 7.1 GHz (57 pm) narrowband entanglement
sources at 1553 nm from a type-II phased matched third-
order poled PPKTP crystal with a poling period of 1.3
µm [24]. In 2020, Luo et. al. reported on the generation
of counter-propagating spectrally uncorrelated biphotons
at 1550 nm in a 37-mm-long type-0 phased-matched fifth-
order-poled Ti-indiffused PPLN waveguide with a poling
period of 1.7 µm [12]. By reviewing the previous im-
2portant progress on CP-SPDC utilizing the material of
AlGaAs, PPLN, or PPKTP [12, 21–24], it can be no-
ticed that the study on CP-SPDC is very promising, but
it is still limited by the properties of the nonlinear ma-
terial. Therefore, it is still a field with high demand to
develop novel nonlinear materials with higher nonlinear
coefficient, higher transparency, higher spectral purity,
and proper poling period at telecom wavelengths.
The isomorphs of a KTP crystal, including RTP
(RbTiOPO4), KTA (KTiOAsO4), RTA (RbTiOAsO4),
and CTA (CsTiOAsO4), have the general form of
MTiOXO4 with {M = K, Rb, Cs} and {X = P, As (for
M = Cs only)} [25, 26]. It was recently discovered that
these four crystals have good performance in the type-
II phase-matched CO-SPDC [27–30]. These crystals still
retain the desirable properties of their parent PPKTP
crystal and can generate pure photons with high spectral
purity (over 0.8) and wide tunability (from 1300 nm to
2100 nm) [27, 28]. In this work, we explore the perfor-
mance of the MTiOXO4 in CP-SPDC under type-0 and
type-II phase-matching conditions.
II. THEORY
The biphoton state |ψ〉 generated from a CP-SPDC
process can be written as
|ψ〉 =
∫ ∞
0
∫ ∞
0
dωs dωif(ωs, ωi)aˆ
†
s(ωs)aˆ
†
i (ωi)|0〉|0〉, (1)
where ω is the angular frequency, aˆ† is the creation op-
erator, the subscripts s and i denote the signal and the
idler photon, respectively. f(ωs, ωi) is the joint spectral
amplitude (JSA), which is the product of pump-envelope
function (PEF) α(ωs, ωi) and phase-matching function
(PMF) φ(ωs, ωi). The PEF with a Gaussian-distribution
can be written as [31]
α(ωs, ωi) = exp[−1
2
(
ωs + ωi − ωp
σp
)2
], (2)
where σp is the bandwidth of the pump, and the full-
width at half-maximum (FWHM) in angular frequency
is FWHMω = 2
√
ln(2)σp ≈ 1.67σp. The PEF can also
be expressed with wavelength as the variable,
α(λs, λi) = exp
(
−1
2
{
1/λs + 1/λi − 1/(λ0/2)
∆λ/[(λ0/2)2 − (∆λ/2)2]
}2)
,
(3)
where λ0/2 is the central wavelength of the pump;
the FWHM of the pump at intensity level is
FWHMλ=
2
√
ln(2)λ0
2∆λ(λ02−∆λ2)
λ0
4+∆λ4−2λ02∆λ2[1+ln(4)]
. For ∆λ << λ0,
FWHMλ ≈ 2
√
ln(2)∆λ ≈ 1.67∆λ.
The PMF with a flat phase distribution can be de-
scribed by
φ(ωs, ωi) = sinc
(
∆kL
2
)
, (4)
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FIG. 1. Configurations of CP-SPDC under type-0 and type-
II phase-matching conditions. The x, y, z axes indicate the
direction of polarizations.
where L is the length of the crystal and ∆k is the phase-
mismatching vector. In the CP-SPDC, the signal propa-
gates in the same direction as the pump, while the idler
propagates in the opposite direction, as shown in Fig. 1.
∆k can be written as
∆k = ks − ki + kQPM − kp, (5)
where kQPM = 2pi/Λ is the quasi-phase-matching (QPM)
vector introduced by the periodically poled structure and
Λ is the poling period of the crystal. kQPM in a CP-
SPDC scheme is generally much larger than the value
in a CO-SPDC scheme, corresponding to a much shorter
poling period Λ.
The tilting angle θ between the ridge direction of the
PMF and the positive direction of horizontal axis can be
obtained as [32]
tan θ = −
(
V −1g,p (ωp)− V −1g,s (ωs)
V −1g,p (ωp) + V
−1
g,i (ωi)
)
, (6)
where Vg,µ =
dω
dkµ(ω)
= 1
k′
µ
(ω) , (µ = p, s, i) is the group
velocity of the pump, the signal, and the idler photon.
When
V −1g,p (ωp) = V
−1
g,s (ωs), (7)
the tilting angle θ equals to 0◦, i.e. the corresponding
PMF is distributed along the horizontal position. Un-
der this condition, the purity of JSA can be maximized.
Therefore, Eq. (7) is called the GVM condition. The
spectral purity can be calculated by applying Schmidt
decomposition on the JSA [31],
f(ωs, ωi) =
∑
j
cjξj(ωs)ζj(ωi), (8)
where ξj(ωs) and ζj(ωi) are two orthogonal basis sets of
spectral functions and cj is the normalized coefficient.
The purity is defined as
p ≡
∑
j
c4j . (9)
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FIG. 2. Purity (blue line) and absolute value of tilt angle (red
line) for the JSA of biphotons generated from PPKTP crystal
under (a) type-0 and (b) type-II phase-matching conditions.
The parameters of L = 5 mm and ∆λ = 0.16 nm are adopted
for (a); L = 5 mm and ∆λ = 0.20 nm are used for (b). Insets
show the JSA at (a)1550 nm, (b, left) 1225 nm, and (b, right)
1550nm.
The purity of a JSA is closely related with the tilting
angle θ.
In this work, we consider two types of phase-matching
conditions for PPKTP crystal and its isomorphs: type-
0 and type-II. In the type-0 condition, all the signal,
idler, and pump photons are polarized in the z direc-
tions, i.e.,
⇀
p(z)→ ⇀s(z) + ↼i (z), as shown in Fig. 1. Un-
der this configuration, the effective nonlinear coefficient
can achieve the maximal value. In the type-II condi-
tion, the pump and idler are polarized in the y direc-
tion, while the signal is polarized in the z direction, i.e.,
⇀
p(y)→ ⇀s(z) + ↼i (y). Under this configuration, the max-
imal purity can be achieved, as calculated in the next
section.
III. CALCULATION AND SIMULATION
First, we consider the calculation for PPKTP, and then
we expand to the other four isomorphs. In all the cal-
culation, we assume the wavelength is degenerated, i.e.,
2λp = λs = λi. For PPKTP crystal under the type-
0 phase-matching condition, the calculated GVM wave-
length is at 2503 nm. This means the tilt angle θ is 0◦
at this wavelength. Then, we calculate θ for wavelengths
from 1500 nm to 2000 nm. Surprisingly, the tilt angle
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FIG. 3. Purity for the JSA of biphotons generated from
the isomorphs of PPKTP crystal under the (a) type-0 and
(b) type-II phase-matching conditions. The parameters of
crystal pump bandwidth ∆λ and length L (∆λ, L) for each
crystal are as follows: for type-0 cases, PPKTP (0.16 nm, 5
mm), PPRTP (0.16 nm, 5 mm), PPKTA (0.15 nm, 5 mm),
PPKTA (0.18 nm, 4 mm) and PPCTA (0.18 nm, 4 mm );
for type-II cases, PPKTP (0.2 nm, 5 mm), PPRTP (0.25 nm,
5 mm), PPKTA (0.25 nm, 5mm), PPKTA (0.25 nm, 7 mm)
and PPCTA (0.2 nm, 10 mm).
only changes from 0.42◦ to 1.10◦, as shown by the red
line in Fig. 2(a). Especially, the tilt angle is 1.01◦ at
1550 nm, the most widely used wavelength for telecom-
munications. Then, we optimize the crystal length L and
pump bandwidth ∆λ so as to maximize the spectral pu-
rity at 1550 nm. The maximal purity is achieved at the
value of 0.92, with the parameters of L = 5 mm and
∆λ = 0.16 nm. The corresponding JSA is shown in the
inset of Fig. 2(a). Further, by fixing the values of L and
∆λ, we calculate the purity for other wavelengths. Cal-
culation results show that the purity can maintain over
0.913 from 1500 nm to 2000 nm, as indicated by the blue
line in Fig. 2 (a). Note that in the numerical calculation
in this study, we use a grid size of 200*200 for all the
JSAs.
Next, we consider the type-II phase-matching condi-
tion for PPKTP. Under this condition, the calculated
GVM wavelength is 1225 nm, corresponding to a tilting
angle θ of 0◦. Following a similar method, we also cal-
4Name PPKTP PPRTP PPKTA PPRTA PPCTA
Composition KTiOPO4 RbTiOPO4 KTiOAsO4 RbTiOAsO4 CsTiOAsO4
Sellmeier Eq. [33] [34] [35] [36] [37]
λGVM-0 (nm) 2502.62 2531.59 2729.67 2734.62 2780.14
ΛGVM-0 (nm) 686.266 685.767 734.277 730.648 728.149
Λ1550nm-0 (nm) 419.637 414.427 410.937 408.139 399.928
pGVM-0 0.985 0.985 0.983 0.983 0.983
p1550nm-0 0.920 0.920 0.912 0.917 0.914
deff-0 (pm/V) 9.5 9.7 9.6 9.8 11.2
λGVM-II (nm) 1225.19 1282.04 1284.84 1379.66 1577.17
ΛGVM-II (nm) 353.570 363.835 360.766 383.846 426.314
Λ1550nm-II (nm) 451.185 442.863 437.999 432.963 418.731
pGVM-II 0.980 0.984 0.984 0.987 0.984
p1550nm-II 0.964 0.970 0.974 0.979 0.984
deff-II (pm/V) 2.4 2.4 2.3 2.4 2.1
TABLE I. Parameters of CP-SPDC under type-0 and type-II phase-matching conditions for PPKTP and its isomorphs. The
reference of Sellmeier equations, the group-velocity-matched (GVM) wavelength (λGVM), the poling periods at GVM wavelength
(ΛGVM) and 1550 nm (Λ1550 nm), purity at GVM wavelength (pGVM) and 1550 nm (p1550 nm), effective nonlinear coefficient
(deff) are listed. The values of deff-0 = d33 at 1550 nm and deff-II = d32 at 1550 nm are taken from the SNLO v70 software
package, developed by AS-Photonics, LLC [38].
culate the θ for wavelength from 1100 nm to 1700 nm.
As indicated by the red line in Fig. 2 (b), the tilt angle
is changed from -0.46◦ to 0.85◦. Especially, θ is 0.66◦
at 1550 nm. Then, we optimize the crystal length L
and pump bandwidth ∆λ to maximize the spectral pu-
rity for JSA at 1550 nm. The calculated maximal purity
is 0.96 at the parameters of L = 5 mm and ∆λ = 0.2 nm.
The corresponding JSA at 1550 nm is shown in the inset
of Fig.2 (b). Further, we calculate the purity for other
wavelengths using the same parameters for L and ∆λ.
As indicated by the blue line in Fig. 2 (b), the purity
can be kept over 0.96 from 1100 nm to 1700 nm. The
JSA at the GVM wavelength 1225 nm is also shown in
the inset of Fig. 2 (b), with a purity as high as 0.98.
Following the same method, we calculate the case for
the other four isomorph crystals. Their GVM wave-
lengths, poling periods, and effective nonlinear coeffi-
cients are summarized in Table I. Figure 3 (a) shows the
purity of the five crystals under a type-0 phase-matching
condition. All the five crystals can keep the purity of
over 0.90 from 1500 nm to 2000 nm. At 1550 nm wave-
length, the purities are 0.92, 0.92, 0.91, 0.92, 0.92 for
PPKTP, PPRTP, PPKTA, PPRTA, and PPCTA, respec-
tively. Figure 3 (b) shows the purity of the five crystals
under the type-II phase-matching condition. The purity
is above 0.96 from 1100 nm to 1700 nm, and at 1550
nm, the purity is 0.96, 0.97, 0.97, 0.98, 0.98 for PPKTP,
PPRTP, PPKTA, PPRTA, and PPCTA, respectively. It
can be concluded from Fig. 3 that all four isomorphs pos-
sess similar properties as their parent crystal PPKTP.
The spectral purity of the single photons gener-
ated from CP-SPDC can be tested by a Hong–Ou–
Mandel (HOM) interference [39] between two indepen-
dent sources. The typical experimental setup is shown
in [13, 40], where two signals are sent to a 50:50 beam
splitter and two idlers are detected to herald the arrival
time of the signals. Here we make a simulation of such a
HOM interference for PPRTP under type-0 and type-II
phase-matching conditions. The simulation is performed
with the following equation [41–43]:
P4(τ) =
1
4
∫ ∞
0
∫ ∞
0
∫ ∞
0
∫ ∞
0
dωs1dωs2dωi1dωi2
|f1(ωs1 , ωi1)f2(ωs2 , ωi2)−
f1(ωs2 , ωi1)f2(ωs1 , ωi2)e
−i(ωs2−ωs1)τ |2,
(10)
where P4(τ) is the fourfold coincidence probability, τ
is the delay time, the f1(2) is the JSA from the first
(second) SPDC source. Figure 4 (a) shows the JSA of
the biphotons generated from PPRTP under the type-0
phase-matching condition. This JSA is obtained by us-
ing a pump laser with a pump bandwidth of ∆λ = 0.16
nm and a PPRTP with a length of L = 5 mm. Figure
4 (b) shows the spectral distribution of the signal and
idler photons, obtained by projecting the joint spectral
intensity onto the horizontal and vertical axes. The sig-
nal (idler) has an FWHM of 1.11nm (0.11nm), i.e., the
signal is about 10 times broader than the idler. Figure
4 (c) shows the HOM interference pattern of two signals
heralded by two idlers with an FWHM of 4.51ps and a
visibility of 92.04%. Figure 4 (d) shows the case for two
heralded idlers with an FWHM of 36.41ps and a visibility
of 92.04%.
For comparison, we also simulate the case for PPRTP
under type-II phase-matching condition, as shown in
Figs. 4(e)–4(h). The JSA at 1550 nm in Fig. 4 (e)
has a purity of 0.97, which is obtained by using a pump
bandwidth of ∆λ = 0.25 nm and a crystal length of L = 5
mm. The signal (idler) photon has an FWHM of 1.67 nm
(0.11 nm) in Fig. 4 (e), i.e., the signal is about 15 times
broader than the idler. The HOM interference visibili-
ties are 97.05% in Figs. 4 (g) and 4 (h) , with the widths
of 2.98 ps and 36.02 ps, respectively. Comparing Figs.
4(a)–4(d) and Figs. 4(e)–4(h), it can be noticed that the
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FIG. 4. (a, e) JSA, (b, f) spectra and (c), (d), (g), (h) HOM interference patterns for PPRTP under type-0 (up) and type-
II (down) phase-matching conditions. The purity (p), FWHM of the spectra (∆), visibility (V), and FWHM of the HOM
interference (∆) are shown in the figures. The parameters of L = 5 mm and ∆λ = 0.16 nm (FWHM = 0.27 nm) are adopted
for the type-0 condition; L = 5 mm and ∆λ = 0.25 nm (FWHM = 0.42 nm) are used for the type-II condition.
spectral widths of the idler photons in the type-II phase-
matching conditions are similar as the case in the type-0
condition. However, the purity and interference visibility
are higher under the type-II condition.
IV. DISCUSSION
Under the type-II phase-matching conditions, the CP-
SPDC has two different subclasses:
⇀
p(y)→ ⇀s(z) + ↼i (y)
and
⇀
p(y)→ ⇀s(y) + ↼i (z), i.e, the signal may possess dif-
ferent polarizations [19]. The former case has been inves-
tigated in detail in this work. In the latter case, however,
the GVM wavelengths of MTiOXO4 are far away from
1550 nm. As a result, the purity at 1550 nm is not as high
as the value in the former case. For example, in the lat-
ter case, the GVM wavelength of PPKTP is 2337 nm and
the purity is 0.91, which is lower than the value of 0.964
in the former case (See Table I). So, we did not focus on
this subclass in this work. Although the configuration
in the latter case is not attractive for applications at the
telecom wavelength, it is promising for applications at
the middle-infrared wavelength.
The poling periods in Table I are all under 1 µm. Cur-
rently, it is still technically challenging to fabricate poling
period at the sub-micron scale. Therefore, the simulation
results in this work now can only be experimentally real-
ized by using third- or fifth-order QPM method [12, 24],
which results in lower efficiency. With the development of
periodically poling technique, the technical difficulty may
be overcome in the future. Then, the spectrally uncor-
related counter-propagating biphotons in our simulation
may be fully verified in the experiment.
In Fig. 4, the purities at 1550 nm are among 0.91 to
0.92 for the type-0 phase-matching condition, and among
0.96 to 0.98 for the type-II phase-matching condition.
The purities can be further improved to almost 1 by opti-
mizing the arrangement of the poling period, for example
by using the recently developed custom poling technique
based on quantum machine learning [44–46].
Cavity-enhanced SPDC with high performance crys-
tals (such as PPLN) is also a good choice for narrowband
and high-brightness sources, in spite of additional loss. If
it is possible to adopt first-order QPM, the combination
of CP-SPDC scheme and cavity enhancement should re-
sult in even higher spectral brightness due to less excited
resonator modes.
For future applications, the narrowband single-photon
source in our work may be stored in a quantum memory
to realize large-scale quantum networks at telecom wave-
lengths. More importantly, the bandwidth of the source
is tunable to satisfy the need of quantum memory with-
out using any spectral filters, such as Fabry–Perot cavity
or fibre Bragg grating. For example, the bandwidth of
the idler from a 5-mm-long PPRTP is 0.11 nm (13.74
GHz) in Fig. 4 (b). By changing the crystal length from
1 mm to 30 mm, the bandwidth of the idler is tunable
from 0.54 nm (67.43 GHz) to 0.019 nm (2.37 GHz). Such
a tunable source is useful for the quantum memory of er-
bium doped optical fibers [6–8].
V. CONCLUSION
In conclusion, we have theoretically explored the per-
formance of CP-SPDC in PPKTP, PPRTP, PPKTA,
PPRTA, and PPCTA crystals at the telecom wave-
6lengths. Under the type-0 phase-matching condition of
⇀
p(z) → ⇀s(z) + ↼i (z), the spectral purity is above 0.91
at 1550 nm for all crystals, and the purity can be main-
tained over 0.90 from 1500 nm to 2000 nm. Under the
type-II phase-matching condition of
⇀
p(y)→ ⇀s(z)+↼i (y),
the purities of the five crystals are among 0.96 to 0.98 at
1550 nm, and the spectral purity is over 0.96 for more
than 600 nm wavelength range. To verify the spectral
purity, we take PPRTP as an example to simulate the
HOM interference between independent photon sources.
The heralded signals (idlers) shows a bandwidth of 1.11
nm (0.11nm) under the type-0 phase-matching condi-
tion, and a bandwidth of 1.67 nm (0.11 nm) under the
type-II phase-matching condition. The interference visi-
bility of 92.04% (97.05%) can be achieved for the type-0
(type-II) phase-matching condition. This study may pro-
vide narrowband single photons with high spectral purity
for quantum memory and quantum networks at telecom
wavelengths.
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